We propose a new solution for modal decomposition in multimode fibers, based on a spectral and spatial imaging technique. The appearance of spurious modes in the spectral and spatial processing of the images at the output of the fiber under test when it has more than two modes is demonstrated theoretically. The new method, which allows us to identify spurious modes, is more accurate, simpler, and faster than previously reported methods. For demonstration, measurements in a standard step-index multimode fiber and a small-core microstructured fiber are carried out successfully.
Introduction
In the last decade, the advent of highly nonlinear microstructured fibers [1, 2] offers all-new possibilities in all-optical signal processing, such as data regeneration, time-division demultiplexing, or wavelength conversion. These applications are often based on the third-order nonlinear optical effects, which are limited by multimode propagation. However, singlemode propagation is not guaranteed in some microstructured fibers, either due to fiber design or imperfections in the fabrication process. On the other hand, multimode fibers are used in many applications, such as high powered lasers, to reduce optical nonlinear effects due to their large mode-areas or in sensing applications for utilizing modal interferences. Therefore, modal analysis of multimode fibers is necessary in order to identify the existing modes and to determine the power distribution within this set of modes. Several methods for a full modal decomposition have been proposed. With these methods, the transverse modes propagating in the fiber are identified, as well as relative optical power, spatially resolved transverse amplitude, and phase of the electrical field [3] [4] [5] [6] . The method proposed by Shapira et al. [3] determines experimentally the mode profiles using an algorithm based on the observation of near-field and far-field images at the waveguide output. The disadvantages, however, are the complexity of the algorithm and the need to acquire two images of near-field and far-field. A more direct measurement of the higher-order modes (HOMs) was made by using a bulk-optic Fabry-Perot resonator, but careful alignment of the bulk optics and a relatively large fraction of power (>3%) in the HOMs are necessary [4] . Finally, methods described in [5, 6] using differential delay measurements effectively discriminate transverse modes and measure relative optical power of each mode, but transverse mode amplitude profiles are not extracted. More recently, a new method has been introduced by Nicholson et al. [7, 8] , namely the S 2 imaging, for spatially and spectrally resolved imaging of mode content in fibers. The technique is sensitive to HOMs and allows determination of accurate values of their relative optical power. However, the spatial solution is limited by diffraction limits, and only large-mode-area fibers can be characterized. The measurement is also time consuming due to the two-dimensional scanning of the mode at every position x; y of the output surface of the large-core fiber, and it is limited to the case when the power of HOMs is small enough, in comparison to the fundamental mode, to be able to ignore interferences between two HOMs. In this paper, we demonstrate theoretically that spurious modes always appear in the S 2 imaging technique when the fiber under test has more than two modes. A new technique for modal decomposition whose algorithm is developed to the general case in which interferences between HOMs are taken into account is proposed. The measurement setup is improved as the twodimensional spatial scanning in the S 2 imaging technique is replaced by a unidimensional scanning of the wavelength. The characterization process is thus much faster, the method is not limited to large-modearea fibers, optical alignments are straightforward, and there is no moving part, since only near-field images are observed. The paper is organized as follows. Section 2 discusses spurious modes in the S 2 imaging method. Section 3 describes the principle of the new method. Experimental demonstration with a standard step-index multimode fiber and a small-core microstructured fiber is presented in Section 4.
Spurious Modes in S 2 Imaging Method
Measurement based on interference effects is well known in optical systems, either due to its sensitivity or its accuracy. The S 2 imaging technique [7, 8] , which is based on the processing of the spectrally and spatially resolved interference images at the output of the fiber under test, is therefore a useful method for full modal decomposition. Spectral interference observed in the near-field images is caused by the group-delay difference between the HOMs and the fundamental mode propagating in the fiber. Figure 1(a) presents an example of a typical optical spectrum measured at an arbitrary point x; y, where interferences between several transverse modes are locally observed. These interferences lead to several different mode beats at different time delays in the Fourier transform of the spectrum, as shown in Fig. 1(b) . If the fiber supports two transverse modes, there is only one spectral interference between the fundamental mode and the HOM. A peak in the Fourier transform of the optical spectrum obtained from each spatial point in the near-field image is then observed. In a more general case when the fiber has more than two modes, the S 2 imaging technique assumes that the power of HOMs is weak compared to the power of the primary LP 01 mode, and thus interference between two different HOMs is considered negligible. This means that if the fiber supports n HOMs, there will be n different beat frequencies visible, corresponding to interferences between the primary LP 01 mode and different HOMs. However, the condition that the HOMs are weak compared to the fundamental mode is ambiguous. We will demonstrate in this section that even when the relative power between the HOMs and the LP 01 is low, the interference between the HOMs cannot be ignored. Let us suppose that the fiber has n HOMs and that their amplitudes E i are related to the amplitude E 0 of the fundamental mode LP 01 by a constant α i such that E i x; y; wα i x; y; wE 0 x; y; w expiwτ i ; (1) where τ i is the period of the beat frequency between the corresponding HOM and the LP 01 caused by their relative group-delay difference. The spectral intensity caused by interference between all modes propagating in the fiber can be written as Ix; y; wI 0 x; y; w 1 X n j1 α j x; y; we iwτ j
α k x; y; xe with I i jE i j 2 . The Fourier transform of the spectral intensity is then
where B 0 x; y; τFfI 0 x; y; wg is the Fourier transform of the optical spectrum of the fundamental mode.
The second term in the right hand side of Eq. (3)i s caused by the interference between the HOMs and the LP 01 mode. It is also responsible for the appearance of n peaks at time delay τ j in the spatial-dependent Fourier transform of the optical spectrum. The ratio f j x; y of these peaks, which is defined as the amplitude of the Fourier transform of the spectral intensity at the corresponding group-delay difference divided by the amplitude at group-delay zero, can be then written as
The last term in the right hand side of Eq. (3) comes from interferences between two HOMs. This term leads to additional n!∕2n − 2!C 2 n peaks at time delay jτ j − τ k j in the Fourier transform, in which their ratio f jk can be calculated from f jk x; y Bx; y; τ τ j − τ k Bx; y; τ 0 α j x; yα k x; y
For simplicity, we call the peaks corresponding to interferences between the LP 01 and the HOMs peaks P j and the peaks corresponding to interference between two HOMs peaks P jk . When the fiber has only one HOM or the relative power of the HOMs to the LP 01 is very low, we return to the case explained in the S 2 imaging method [7] , in which Eqs. (4) and (5) become
f jk x; y ≈ 0:
This means that peaks P jk vanish and only n peaks P j are observed in the Fourier transform. Mode image and relative power of each HOM, as in the principle of the S 2 imaging method, are then extracted separately and independently from each peak P j from Eq. (6). In a general case when interferences between two HOMs are taken into account, n peaks P j and C 2 n peaks P jk are observed. Only modes extracted from n peaks P j are real HOMs and modes extracted from the peaks P jk are spurious modes. It is also impossible to determine spatial intensity profile and relative power of HOMs independently from Eq. (6) instead of using Eq. (4). Moreover, the condition that the relative power of HOMs is low to ignore interferences between two HOMs is ambiguous. Interference between two HOMs LP 11 and LP 02 is discovered in the Fourier transform as shown in Fig. 2 (a) even when their relative power to the primary mode LP 01 is low, −20 dB and −30 dB, respectively. As shown on this spectra, peaks are easily identified and accuracy of mode retrieval relies directly on the ratio between these peaks and the fast Fourier transform (FFT) background. In this figure, in addition to two real peaks P 1 , P 2 at time delay τ 1 , τ 2 corresponding to two HOMs LP 11 and LP 02 , the spurious peak P 12 corresponding to interference between the LP 11 and the LP 02 at time delay τ 2 − τ 1 is found. a fiber that supports three transverse HOMs LP 11 , LP 02 , and LP 21 at relative powers of −12 dB, −21 dB, and −33 dB, respectively. Three spurious peaks corresponding to mutual interferences between these HOMs are observed. Modes extracted from spurious peaks P jk are spurious modes that result from intrinsic properties of the wave propagation in the fiber. Besides, there is another kind of spurious mode that comes from extrinsic elements such as the instability of the measurement or the laser source. Since the Fourier transform reflects all phenomena causing interference at the output spectra, any oscillation in the measurement will lead to a spurious peak in the Fourier transform. In summary, the problem of spurious modes is really a challenge in the S 2 imaging method that can reduce the accuracy of the measurement, not only in the number of HOMs but also in their relative optical power. A full solution in the general case is therefore necessary.
Modal Decomposition Technique
In this section, we propose a new technique for full modal decomposition that is an alternative of the S 2 imaging method but with much improvement both in the calculated algorithms and the measurement setup. The algorithm used to retrieve modes in the S 2 imaging technique is based on the hypothesis that one mode (usually the fundamental one) is much more powerful than the others, and thus neglects the possible interferences between other modes. These interferences are misinterpreted by the algorithm, which leads to the apparition of spurious modes at the algorithm output. We present an alternative to this algorithm that is not limited to the case of a dominant mode, and provide a solution to identify and then eliminate these spurious modes, thus offering artifact-free analysis of the measurement. Moreover, replacement of a broadband laser source with a tunable laser source helps the new technique to have only one-dimensional scanning, instead of twodimensional scanning in the previous method. The measure is therefore faster, simpler, and more stable.
The experimental setup is presented in Fig. 3 . The implementation is simple, although it is the first time, to the best of our knowledge, that such a setup is used both to discriminate transverse modes and to determine their spatial profiles. Light from a tunable source is coupled to the fiber under test. Drawbacks of the S 2 imaging method due to a two-spatial dimensional scanning, which is necessary to measure the magnified image of the fiber end with a single-mode fiber, are alleviated by simply scanning the wavelength of the tunable source and observing the magnified near-field image of the fiber end using a camera, as presented in Fig. 3 . As transverse modes do not propagate at the same speed in the fiber, we observe an interference pattern at the fiber output (as previously described in Eq. (2)). At every position x; y of this pattern, the interference state depends on modes amplitudes, but also on relative propagation phases (which thus depend on wavelength). As explained in the previous section, the interference states at every position evolve periodically as the wavelength is increased. The magnified near-field image of the fiber output is recorded every time the wavelength of the source is changed. Transmission spectra at each position x; y as shown in Fig. 1(a) are then extracted from the set of images, acquired at each wavelength of the source. The integrated Fourier transform of these optical spectra (cf. Figure 1(b) ) is then calculated. Maximum peaks in the Fourier transform will be used to retrieve all the existing modes. However, spurious peaks that correspond to interferences between two HOMs or an oscillating instability of the measurement must be excluded first. An exclusion technique consisting of two steps is implemented to solve this problem.
The first step is to remove spurious peaks that are not caused by intrinsic properties of the wave propagation in the fiber. Since time delays of the peaks related to interferences between different modes propagating in the fiber are always proportional to the fiber length, while this does not occur for the spurious peaks that do not come from intrinsic properties of the fiber, we can eliminate spurious peaks by measuring the fiber with two different lengths. The peak whose time delay remains when the fiber length changes is a spurious peak and will be eliminated.
The last step is to remove spurious peaks resulting from interferences between two HOMs. Since the power of HOMs is normally much smaller than that of the fundamental mode, the coefficient α j in Eqs. (4) and (5) is smaller than 1. We can also see from these two equations that the ratio f jk of the peak P jk corresponding to the interference between the mode P j and the mode P k is always smaller than the ratio f j and f k of the peaks P j and P k . The two highest peaks P 1 and P 2 at time delays τ 1 and τ 2 in the Fourier transform are then real peaks due to this property. The first spurious peak P 12 is then determined at the position jτ 2 − τ 1 j. Amplitude of this spurious peak is also larger than other spurious peaks because it corresponds to the interference of the two largest HOMs. All other peaks whose amplitudes are higher than the one of this peak are therefore real peaks. Spurious peaks that come from interferences between these real peaks can be then determined according to their differences in time delays. We call these spurious peaks the P 12−s . The highest peak P 3 that is lower than the peak P 12 and is not one of the peaks P 12−s is also a real peak. All remaining peaks that are higher than P 3 are real peaks, and spurious modes corresponding to interferences between these real peaks can be then calculated. The same procedure is implemented until all peaks are classified. In summary, using the exclusion technique, we can determine all real peaks P j and eliminate other spurious peaks. All the existing modes are retrieved using the ratio f x; y of these peaks. From Eq. (4), the coefficient is related to f j x; y by
The intensities of HOMs are then given by
where I T x; y is the integrated optical spectrum at a given x; y point. Relative optical power and spatially resolved transverse amplitude can be calculated from Eq. (9). Moreover, with the new measurement setup, only one-dimensional scanning required on the wavelength is done. In the S 2 technique, the two-spatial dimensional scanning requires careful optical alignments at the fiber under test output, which is time consuming and can require multiple hours of scanning to achieve a sufficient solution. These alignments are much simpler in our technique, as transverse/angular alignments can be approximate. The new technique is therefore simpler and not time consuming. It takes several minutes for a measurement.
Accuracies in reproducing modal images or relative modal powers are improved due to the faster nature of the experiment and new algorithms in which interferences between two HOMs are taken into account.
As the previously published technique is slow, modal content could change during the scanning, thus conducting to erroneous mode images (and thus erroneous relative modal power). Note that the more modes are propagating in the fiber, the faster the interference figure at the fiber output changes. Therefore, the faster technique we propose allows for more accurate imaging of a multimode fiber supporting few modes, or allows characterizing a fiber supporting more modes.
The accuracy of the measurement is also improved by using the new algorithms of the new technique in which the interferences between two HOMs are taken into account. In the case of a multimode fiber supporting three HOMs, which is expressed in Section 2 and in Fig. 2(b) , relative powers between HOMs and the fundamental mode calculated by the S 2 technique, in which interferences between two HOMs are ignored, and the values calculated by the new algorithms are compared in Table 1 . A better accuracy is obtained with the new technique compared to the S 2 technique.
Experimental Results
For the experimental demonstration of this technique, we used the experimental setup presented in Fig. 3 with a commercial C-band external-cavity laser. The laser wavelength is swept from 1540 nm to 1550.24 nm with 1024 steps. Light propagates in a standard single-mode fiber whose mode field diameter is about 10.4 μm. This fiber is butt-coupled to the fiber under test. A microscope objective with a magnification of 80 is used to image the near-field at the fiber output. Images are captured using a camera, which returns an 8 bit 200 × 200 points image. The experimental data acquisition was done in a few minutes, thus offering great environment stability. Data processing also requires a few minutes and returns mode intensity profiles, along with their relative optical power. Two fibers are tested, a standard step-index multimode fiber and a small-core microstructured fiber, respectively.
A. Standard Step-Index Multimode Fiber
We mesure 0.5 m-long and 1 m-long standard multimode fibers using the new technique. The core diameter of the fiber is 12 μm, and the core/cladding index difference is 9.81 0 −1 . This fiber should therefore support four LP modes: LP 01 ,L P 11 ,L P 21 , and LP 02 . The new technique takes several minutes for measurement. Figure 4 (a) presents the Fourier transform measured for the 0.5 m-long fiber. Three peaks are found. However, the time delay of 4.18 ps of the last peak remains unchanged when the fiber length is changed to 1 m. As explained in the principle of the technique, the last peak is a spurious peak. Expected mode profiles and their relative optical powers are then retrieved using the algorithm (8) and (9), as shown in Fig. 4(b) . The fact that the LP 21 was not observed in the measurement is not due to the principle technique. The technique allows us to characterize the modal content at the fiber output for a given configuration (optical injection, bending, etc.). However, the number of modes excited in our case is only three (LP 01 ,L P 11 , and LP 02 ) due to the optical injection. It is then evident that the technique discovers only three modes. All four modes are extracted in another measurement for the same fiber but with another configuration of optical injection, as presented in Fig. 5(b) . A good agreement with the theoretical modes in Fig. 5(a) confirms the method. To give more proof of the method, an effort to find the origin of the extrinsic spurious mode is performed. In the principle, the power of the source must be fixed, while the laser wavelength is varied. However, by investigating the power of the laser source as a function of the wavelength, a small modulation of the source power as a function of the wavelength with a period Δλ of 3.8 nm is found. This modulation leads to a peak in the Fourier transform with the corresponding time delay calculated from τ 2λ 2 ∕cΔλ4.18 ps. This value is the same as the time delay of the spurious peak. Consequently, we can conclude that the spurious mode in the experiment results from the power instability of the source, and once again, the spurious mode, as well as the principle of the new technique, is verified.
B. Microstructured Fiber
The second fiber under test is a 1.5-m-long commercially available solid-core microstructured fiber whose fundamental mode has a 2.8-μm-averagediameter triangular shape. The structure of the fiber is sketched in Fig. 6 . The triangular core region comprises a germanium-doped center element (red) surrounded by three fluorine-doped rods (blue) embedded in a standard triangular air/silica cladding structure with lower mean refractive index. The diameter of the doped elements equals the pitch. Experimental results are shown in Fig. 7 . The fundamental mode and two HOMs are observed. Theoretical modes of the fiber were also calculated, and a good agreement was found with experimental results only if a transverse index inhomogeneity was included in the fiber structure. HOMs 1 and 2 would both have the same intensity profiles for a perfectly homogenous fiber. The main limitation of this experiment is the need for a tunable laser source, which is not available around some wavelengths. Therefore, we replaced the tunable laser source with the combination of a superfluorescent source and a tunable optical fiber with a 0.27 μm spectral width. Similar results were obtained, thus indicating that optical fibers can be characterized at some exotic wavelengths. Additionally, the cost of the experimental setup can be reduced.
Conclusion
A new method for modal analysis of optical fibers was proposed and demonstrated. This method alleviates most of the drawbacks of existing techniques. The algorithm of the method is developed to be able to take into account interferences between two HOMs. The method can thus eliminate spurious modes and offer a more accurate measurement. The characterization process is improved by replacing a two-dimensional scanning in the S 2 imaging technique with unidimensional scanning. This setup is simple and suitable to any optical-fiber core size and not only limited to large-mode-area fibers. A standard step-index multimode fiber and a small-core microstructured fiber have been used to demonstrate the method.
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